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PREFACE 


This report was prepared by Beech Aircraft Corporation, Boulder Division, 
Boulder, Colorado, under Contract NAS 9-12105, Hydrogen Thermal Test 
Article (HTTA), from the Manned Spacecraft Center, Houston, Texas. 

This "Pressure Control and Analysis Report" is the result of tasks which 
were accomplished during the HTTA Program study period, including: 

(1) perform a literature review to provide system guidelines; (2) develop 
the analytical procedures needed to predict system performance; (3) design 
and analysis of the HTTA pressurization system considering (a) future uti- 
lization of results in the design of a spacecraft maneuvering system 
propellant package, (b) ease of control and operation, (c) system safety, 
and (d) hardware cost; and (4) make conclusion and recommendation for 
systems design. 
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NOTATION 


C 

c 

P 

D 


h 

P 

Q 

Q 


S 

t 


w /w ° 

P P 

AV 


®T 

f 

Subscripts 


ratio of wall-to-gas effective thermal capacity 
specific heat at constant pressure 

equivalent tank diameter (diameter of a cylindrical volume 
having same total volume and wall surface area as tank 
under investigation) 

gas-to-wall free convection heat transfer coefficient 
tank pressure during liquid expulsion 

heat flux from ambient to tank wall, per surface area of 
wall 

ratio of total ambient heat input to effective thermal 
capacitance of gas 

modified Stanton number 

equivalent tank wall thickness 

pressure inlet temperature 

saturation temperature of propellant at initial tank 
pressure 

total pressurant mass 

total pressurant mass under conditions of zero, heat and 
mass transfer 

collapse factor 

expelled liquid volume 

total liquid outflow time 

density 


0 refers to gas 
W refers to wall 
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NOTATION (Continued) 


Superscript 


0 refers to variables at a temperature equal to inlet 
pressurant temperature and a pressure equal to tank 
pressure during expulsion. 
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COMPONENT IDE NT P 1 CATION 


Fill Valve _ Fv 
Isolation Valve - jy 
Vent Valve - yy 
Shutoff Valve - gy 
Three-Way Valve - YV 
Check Valve • Qy 
Pressure Regulator - pr 
H igh-Pressure Pump - H p 
Turbine - q T 
Control Orifice - 00 
Heat Exchanger - 

Burst Disc - BI) 
Relief Valve - Rv 
Flow Meter - 

Circulation Fan - Cf . 
Pressure Switch - pg 
Pressure Transducer - p r 
Gas Generator - 00 
Expansion Valve - 

Remote Operated Valve - RO y 
Solenoid Valve - SOY 
Thermal Conditioning Unit - jOU 
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REPROD UClLlJ A i’Y OF THE 
ORIGINAL PAGE 18 POOR 


The purpose of this report is to define an optimized pressure control system 
for the Hydrogen Thermal Test Article (HTTA). The report covers the follow- 
ing three basic considerations for pressure control: 

1. pressurization technique selection 

2. external pressurization considerations 

3. relief system considerations design criteria and selection 

The purpose of a pressurization system is to provide stored energy which 
can be utilized in the expulsion of the liquid propellant for spacecraft 
requirements. Several different types of gas generating systems exist and 
they have been analyzed in previous pressurization system studies f 1J . 

Some of these systems are: 

1. stored gas 

2. evaporated propellants 

3. evaporated non -propel lant s 

4. products of chemical react ion 

5. mechanical expulsion 

For any given mission, several propellant pressurization systems may be 
capable of meeting the performance requirements. Therefore, the advantages 
and disadvantages of each system must be considered in the selection of the 
most suitable system, A generalized breakdown of the advantages and dis- 
advantages of various pressurizat ion systems are shown in Table I. 




Type of Pressuri- 
zation Syste m 

Stored gas 


Evaporated 

Propellant 

Evaporated 

Nonpropellant 

Combustion 

Products 


Mechanical 

Expulsion 


TABLE I 
Advanta ges 

S implicit y 
Availability of 
Components 

Single Fluid 


Weight 

Volume 

Weight 

Volume 

Cost 


Weight 

Volume 


Di s advantages 

Weight 

Volume 


External Energy or 
Large Heat Exchanger 

Complex! t y 
External Energy 

Contamination by 
Solids 

Repressurization 
after Coast 
Restart 

Complexity 

Reliability 

Cost 
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To select the most suitable system, the relative performance of the various 
systems must be evaluated. Qualitative and quantitative factors must be 
established for each candidate system and the final selection made after 
consideration of these factors. Examples of the two categories of factors 
are shown. 


Qualitative Factors 

Propellant Compatibility 
Mission Life Capability 
Restart Capability 
Variable Flow Capability 


Quantitative Factors 

Rel 1 ability 

Weight 

Size 

Control Accuracy 
Cost 


Some of the quantitative factors could become qualitative factors if 
future system design dictates maximum and/or minimum values such as 
reliability, weight, and size (volume). These quantitative factor 
values have not been specified for the HTTA. Qualitative factors were 
either acceptable or not, i.e., f, go or no-go” and if the particular 
pressurization system under study did not meet the requirements, it was 
eliminated. 

The stored gas type of pressurization system was selected for use on HTTA 
and analysis was limited to this type of system. 
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2.0 LITERATURE REVIEW - SUMMARY 



Two approaches have primarily been taken in the design of gas pressuri- 
zations systems* Most investigators 0. 3 > i) have considered either 
stored gas or recirculation-type pressurization systems or both. The 
Grumman-Boeing £ 2 ) pressurization study concerned itself with the 
analysis of a cold autogenous gas tapped off the Orbit Maneuvering System 
engine. Lockheed’s £ 3 } systems optimization study primarily investigated 
both stored gas and recircula t ive- type pressurization systems. The 
AiReseareh reports were concerned with the study of recirculation- 
type pressurization systems. 

2. 1 Shuttle Orbiter Reports 

A review was made or the Grumman-Boeing study Q0 , the only Alternate 
Space Shuttle Concepts Study currently available to Beech, concerning 
the pressurization system of the Orbit Maneuvering System. The report 
recommends cold autogenous gas tapped off the Orbit Maneuvering System 
engine for tank pressurization. This type of system has the inherent 
advantages of not requiring a helium system or use of At t itude Control 
Propulsion System conditioning. The operating characteristics of the 
system are shown schematically in Figure 1. This simplified schematic 
shows the salient features of the autogenous pressurization system 
during steady-state Orbit Maneuvering System operation. 


Cryogenics Systems Optimization Study 


The Lockheed optimization study wus originally iormulated with the 
basic premise that helium gas would not be used as the pressurant for 
LH tanks. This premise was established because the solubility of 
helium gas in LH 2 creates -0 fuel cell contamination problem. However, 
due to the small amount of gas required, helium gas was considered as 
a prepressurant to produce engine startup in recirculation-type pres- 
surization systems. Helium was considered as a pressurant in the 
Orbit Maneuvering System/Attitude Control Propulsion System integrated 
system since the fuel cell system was not included. Ambient, as well 
as cold storage of the helium, was considered in the optimization 
analysis. 


The Thermodynamics Optimization Program (computer program) completed 
by Lockheed £ 3 } tor a nonintegra ted system indicated that the helium 
pressurant weight would be greater than the combined weights of a 
prepressurant and a pressurant using hydrogen gas. In addition, the 
weight of boiled-off liquid during the pressurised flow process is 
larger for a helium than for a hydrogen pressurization system. The 
optimization program provided a parametric analysis which included 
the following variables: 
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1. pressure in lot temperature 

2. expulsion pressure 

3. vent pressure 

4. insulation thickness 

5. tank geometry * 4 

6. duty cycle 

The various types of non integrated prepressurization and pressurization ^ 

systems analyzed in the optimization study, utilizing the above combin- 

ations of variables, including their advantages and disadvantages, are 

listed in Table II. In the analysis both the prepressurization and the 

pressurization functions were controlled by the same pressure control 

components. ^ 

The candidate subsystems were analyzed for system composition and 
arrangement, operation modes (including redundant considerations’!, 

structural and thermal considerations, and fluid utilization. Two ^ * 

different nonintegrated system concepts were analyzed for nominal oper- 
ation conditions . 

The selections provided for gaseous hydrogen as the pressurant with one 
esse using s gaseous helium prepressurant. The pressurant supply condi- 
tions were: 

' System 1 - GH at 37 u to 520 'R at 0 to 4000 psia 

2 

-w 

System 2 - GH at 37°R at 20 psia 


SYSTEM 1 - The hydrogen propellant tank was pressurized during 

engine operation by gaseous hydrogen supplied by a , 

recirculation-type pressurization system heated by 

the engine nozzle. Propellant orientation devices 

were used to initially supply gas-iree propellants 

for engine start until propellant orientation was 

maintained by engine operation. The tank pressure 

was controlled by tank pressure switches that 

operated flow control valves During periods that 

the engine was not in operation, the tank pressure 

was controlled by a thermal conditioning unit. f 

The schematic for System 1 is shown m Figure 2 
and the corresponding characteristic data in 
Table HI. 

SYSTEM 2 ~ This system used stored gas propellants for tank 

prepressurization. During engine operation the * 

tank pressurization was accomplished by tapping off 

propellant downstream of the propellant tank boost 

pumps and vaporizing it In heat exchangers. Tank 

pressure was controlled by a combination orifice/ 

regulator where the orifice supplies minimum ; 
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Function 

'andidate 

fws' t tp» ten 

.f ih |e Select Ion 
Factors 

(Jn favorable Selection 
Frctor* 

Sel nr t i on S l a i iin ' 

Prassurisation 

1 

• Pul nm Modulated valving 

• Tank mounted pressure 
•altchee open and clone 
valvee to control the flow 
of the preaauranta and 

aa required. 

e Eliminate# regulatora 

e Simplifies adding redun- 
dancy, can concent rata on 
leaat reliable component 
e Multi -pressure level capa- 
bility if add praseure 
aaitchet 

e Functioning component 
court la tncraaaed 

e Nigh raaponaa velvet and 
switches nay be required 

Candidate for 
eveluat ion 

_1 


1 

a Regulator /orifice pressure 
cont rol 

laired by *n orifice/ 
regulator controlling prea- 
aurent. The orifice ta eixed 
to Meet einlMUM flow require- 
etnta and the regulator eupp- 
tlea the reeainder required. 

e Reduced regulator atae 

e Mo functioning component 
required for elnloue flow 

ratee 

e Redundant regulatora prob- 
ably raqulred 

0 Regulator also not critical 

ruminated dm to { 
no sign! fit ant rain J 
ov* r a normal reg- 
ulated ayaten 


3 

e Regulated preeeure control 

e Tank pressure* are Maintained 
by regulator* controlling 
preaaurant fire. 


e High regain or reliability 
it required 

fan^date for 
evaluai ion 


4 

0 Orifice preaaure control 

o Tank preaauraa art Maintained 
by fixed orlflcea controlling 
preaaurant floe. 

o Simplicity, no functioning 
component# 

i 

e iki 1 1 1 -start requ'rement 
a' various ullage volume# 
result in wtdw preeeure 
variations for a fixed 
orifice eye tee 

Iltmtnated due to 
probable unaccept- 
able pressure 
variations , 


• 

o ieparately atored heliu* eain- 
talne tank preaaurea during 
rocket engine operetlon and ta 
controlled by the ebove preaaure 
contr< 1 nethoda 

0 Lighter than gaaeou* oxygen 

0 Mo condensation possible 
a If nLlO rocket engine la 
used do not heve to de- 
velop version which has 
GO^ supply capability 

e Wl’l aid Inerting of tenpa 

e Helium coat 

0 Increased system weight 

If used for both tanka 
preearrant 

e Helium solubility 

e Candidate for Oj 
t auk preaaurant 
e Fllmlna'ed for 
tenk preaaurant 
due to weight 
pane 1 1 y 

1 

• 

e Gaaeout propellent 
preaeurante 

e Oeaeoua Oj and M condi- 
tioned by asperate beet 
exchange ra or the rocket 
eagtne(s), Maintain tend 
preaaurea during propellant 
withdrawal end ere eentrelled 
by the above preeeure control 
eet bode 

e rilMinstee use of hellM* 

0 Increased Integrat lea 
pot an 'ial 

e Minioitee eft reqei re- 
seats 

e Propellant condensation 
will Increase quantity of 

# Requtree uee of host ex* 
change re or development 
of OKS rochet engine *lth 
capability to supply gas- 
eous 0^ and Mj 

Candidate for 
evaluation 

tre-preseurtaettnn 

1 

e Stored hellu* 

• Mel I um ta atered at anient 
temperature lor in the cryo- 
genic eterege tonka) and pro- 
preaaurtaee using Ike tenpo- 
nenta of the tank preeeure 
eentrel eye tee 

e Candidate 0, ObPS tank 
preaaurant 

0 No coedenaation possible 
0 Light »#igbt preeeurant 

e Mel tu« coot 

e Tank prtaaura ceatrel 
equipment aill have to 
handle two geese 

Candidate for 
evaluation 

a 

• Coaaouo propel loot a 

• Caseous 0^ end M ]( atered el 
kigb preeeure, propreeeurlee tbe 
prep# Meet tanbe ueleg Ike eaapa* 
neate of tbe tank preeeure eeotrol 
epetM. 

p Klim nates be Hue use 

e Inc reseed integration 
petentui 

• Use veiuae end eeigkt 
•e eterege tonka tee be 
r acker god during rocket 
engine opera t lee 

• Propel! eet condensation 
will ! aero see preeeurant 
required 

Candidate fog 
evaluation 
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pressurant and the regulator accommodates p< ak 
demands . 

During periods that the engine was not in oper- 
ation, as tank pressure increased, the ullage 
was vented to space through tank wall heat 
exchangers (vapor cooled shield) with part of 
the incoming heat being intercepted. Propel- 
lant orientation was required for Liquid 
delivery. The schematic for this system is 
shown in Figure 3 and the correspond ing 
characteristics data in Table IV. 

In addition to the nonintegra ted systems an lyzed, various integrated 
systems analysis were performed by Lockheed. This analysis resulted in 
several different integrated systems with varying degrees of integration. 
For the purposes of this pressurization analysis, two integrated systems 
will be used as HTTA design guidelines. These are: 1) integrated Orbit 

Maneuvering System/Attitude Control Propulsion System with common pumps 
as shown in Figure 4, and 2) integrated Orbit Maneuvering System/Attitude 
Control Propulsion System with pumps at engine as shown in Figure 5. 

These selections provide two different pressurant supply gas conditions. 
They are: 


1. GH 2 at 2000 psia & 250 R (Figure 4) 

2. GHe at 4000 psia & 37 ’R (Figuie 5.) 

2 . 3 Study of External Pressurization Systems - AiResearch 

A review of the monthly progress reports from AiResearch Manufacturing 
Company CO was made. The reports described work performed during a 
period between 15 July 1970 and 15 May 1971 under Contract No. NAS9-10453 
for NASA-MSC. The contract was concerned with the study of recirculation 
type pressurization systems for pressure control oi cryogenic storage 
systems. The information developed was to yield flexibility in design of 
cryogenic systems and low cost replacement of dynamic components that are 
external to the cryogenic pressure vessel. 


The reports contain information on preliminary component selection and 
results of the tankage thermodynamic analysis. The components considered 
were heat exchangers, recirculation loop lines and pumps and fans. The 
results of the tankage thermodynamic analysis determined the recirculation 
rates required to maintain given pressures. This analysis covered the 
following cases: 


• subcritical and supercritical 

• varying return temperatures 

• complete mixing and complete nonmixing 

• both liquid and vapor recirculation for su! rltical tanks 
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In addition to the above, the thermodynamic analysis calculated the 
required heat addition rate and the pressure drop due to mixing of the 
stratified cases. 

Considering the mass flow requirement of the HTTA, the amount of energy 
needed to vaporize cold liquid would require a rather large heat 
exchanger or very high temperature gas source for the hot side of the 
heat exchanger. 

Although the use of recirculated pressurization system has been con- 
sidered for the Shuttle Program, the use of this type system for the 
HTTA is impractical due to the added hardware involved. However, the 
use of stored gas pressurization can be related to this type of system 
and still make use of simpler, less expensive hardware associated with 
the stored gas system. 
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3.0 PRESSURIZATION SYSTEMS ANALYSIS 


3.1 Selection of Pressurization System 

Gaseous hydrogen has been selected as the primary pressurant for the HTTA 
tank. This selection was based on the requirements outlined in C2, 3} . 

The HTTA tank design and testing are bas^d on parameters that applied 
initially to the Space Shuttle Orbit Maneuvering System. However, modifi- 
cations have been made to facilitate a 180-day mission. The original 
7-day mission duty cycle has been assumed to be as shown in Figure 6. 

The 180-day mission duty cycle has been assumed to be a full tank at the 
initiation of pressurization system operation, since thermal analysis 
indicates the boiloff mass will be small. 

The selection of the pressurant for the HTTA was narrowed to either helium 
or hydrogen gas based upon the compatibility requirements between the pres- 
surant and the propellant subsystem. When considering missions with 
multiple restart requirements and relatively long coast periods, the equi- 
librium temperature of the ullage will decrease to approximately the 
original bulk propellant temperature. If the pressurant freezing t rip- 
era ture is above the initial bulk temperature of the propellant, solids 
may form and interfere with the operation of the propellant feed ar*d vent 
systems; therefore, pressurants with freezing temperatures at or helow 
liquid hydrogen temperature must be used; i.e., hydrogen or helium 
gas. 

The stored gas type of pressurization was selected for use on the HTTA. 
Consideration was given to simplicity, cost, and restart capability in 
the selection of the type of system to be used. An analysis has been 
performed for a stored gas type of pressurization system using gaseous 
hydrogen as the pressurant. This combination will be used during testing. 
Moreover the test data obtained may be adapted to the analysis of an 
evaporated propellant (recirculation) type system by the inclusion of 
information related to a recirculation-type pressurization system. 

The mission storage pressure of 17 psia was selected lor compatibility 
with the Cape Kennedy ground service equipment dewar pressure capability. 
Minimum boiloff loss would be achieved by allowing the liquid to absorb 
part or all of the heat leak. However, the resulting higher operating 
pressures would bring about greater pressurant and residual fluid losses. 
Rising fluid temperature and pressure also necessitate more complex 
pressure and delivery control systems. Therefore, constant pressure 
operation was considered advantageous. For constant pressure operation 
the lowest possible pressure provides thermal optimization. Overall 
heat leak was found to be Insensitive to the short periods of ullage 
pressurization required to obtain the flow rates of 8.0 pounds per second 
for 3.5 minutes, the flow requirements for the HTTA. The pressure of 
25 psia for high flow conditions was selected to allow a feasible 
pressure drop of 4 psi during flow from the tank outlet to the feed line 
coupling and maintain the required 4 psi above the saturation pressure of 
17 psia. 
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7-Day Mission Duty Cycle 
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Mission Time 'Mlours 


Figure 6 
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Since the pressurant gas temperature requirements have not been specified 
for a 180-day mission, a typical system configuration was chosen which 
would represent a mjd-range pressurant gas mass transfer requirement. 

The pressurant inlet temperature of 250°R was selected primarily for two 
reasons : 

1) The literature review indicated (see Section 3.3) that 

the gas-to-liquid heat and mass transfer would be 
negligibly small if: (a) the incoming gas does not 

impinge upon the liquid surface; (b) the system has low 
pressurant inlet temperature; and (c) the time of trans- 
fer is short compared to the effective time of inter- 
facial transport. 

2) Gas pressurant requirements are reduced as the inlet 
temperature increases. 

Considering the above considerations, the selected gas inlet temperature 
is felt to be a satisfactory compromise to provide minimized pressurant 
gas quantity and minimized evaporation of stored liquid. The HTTA has 
been designed such that maximum technology will be generated and verified 
utilizing this unit. The internal pressure may be varied from 25 to 50 
psla and any useful inlet temperature may be studied. 

3.2 Gas Pressurant Requirements 

When a predetermined quantity of cryogenic liquid must be transferred 
from a storage vessel within a certain time interval, two techniques have 
been used - pumps and ullage pressurization. Both techniques are in 
widespread use, each being more suitable for certain applications. Pumps 
are usually used in applications requiring low flow rates and long 
pumping times. Gas pressurized systems have been preferred in appli- 
cations involving high flow rates. 

One of the chief disadvantages of an ullage gas-pressurized system in 
the past has been the difficulty of estimating the quantity of gas 
required to pressurize the ullage. Two calculation methods exist for 
the determination of the mass of pressurant required to transfer a cryo- 
genic propellant: (1) distributed parameter systems, and (2) lumped 

parameter solutions. 

The distributed parameter systems are recommended for very precise calcu- 
lations, particularly when varying inlet gas, temperatures, ambient temp- 
erature, or ambient heat flux conditions are to be accounted for, and when 
extensive, detailed information about the behavior of the system la needed. 

The advantages of the lumped parameter solutions are that simple forma of 
the Laplace transform methods and/or finite-difference approximations can 
be used. Analyses are thermostatic in character and are useful in 
obtaining approximate answers for design purposes. Customarily only mean 
properties of the gas and tank wall are determined. 
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After an extensive review of the literature, predictions of the transient 
pressurant requirements were evaluated based on an equation presented by 
Epstein and Anderson DO • Their equation is based on computations from a 
generalized distributed parameter pressurization computer program 0, loj , 
for the prediction of total pressurant requirements in any axisymmetric 
liquid hydrogen or oxygen tanks pressurized with evaporated propellant or 
helium. The generalized computer program is a modified Roclzetdyne tank 
pressurization program that can be used to predict total and transient 
pressurant requirements and ullage temperature gradients with an accuracy 
of +5 percent, Epstein and Anderson’s equation, when compared with data, 
has a maximum deviation of 12 percent. This deviation is acceptable for 
this analysis since the data will only be used for sizing pressurant 
flow system components, and adequate tolerances will be included in the 
selection process. The prediction equation developed in reference 7 
was used for this analysis. This equation, including the fixed constants 
appropriate for hydrogen or helium pressurant, is: 




The range of variables covered in the computer runs used in obtaining 
Equation (1) are shown in Table V. 


TABLE V 

Ranges of Variables Covered in Computer Program 


Spherical tank diameter 
Ellipsoidal tank diameter 
Cylindrical tank diameter 
Wall thickness 

Ratio of pressurant inlet temperature 
to propellant saturation temperature 

Total outflow time 

Ambient heat flow 


5 - 30 ft 
5 - 30 ft 
4 - 35 ft 
0.1 - 1 in 

2-15 

200 - 500 sec 
0 - 10,000 Btu/hr-ft 2 


The design of HTTA falls into the range of variables covered in Table V. 
However, analysis was performed for time intervals below the range given 
to afford a best guess of the rate of mass required. This rate was 
needed to determine proper sizing of the flow ystem. The equivalent 
diameter D in Equation (1) represents the diameter of a cylindrical 
volume having the same wall surface area and total volume as the tank 
under Investigation and could be considered as the hydraulic diameter. 

The wall thickness t in Equation (1) is defined as the total volume of 
container metal divided by the total Internal wall surface area. The 
gas-to-wall free convection heat transfer coefficient h is calculated 
at a film temperature equal to (T 4 T )/2 and at a temperature differ- 

• mm os 

ence of T - T . 

o s 

Epstein and Anderson state that care should be exercised when using their 
estimation equation - 

(1) outside the limits shown in Table V 

(2) for short duration expulsion (on-off operation) 

'3) where awssive condensation occurs at the gsa-liquid interface 

(4) when the initial gss ullage volume exceeds 20% of the total tank voluaia 

(5) when high ambient- to- tank wall heat fluxes cause appreciable evap- 
oration of propellants at the tank walla. 


* 
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A sample calculation for the total pressurant requirements is presented and 
proceeds as follows: 


Test Conditions 


Pressurant 

Hydrogen 

Pressurized liquid 

Hydrogen 

Equivalent inner tank diameter, D = 79.090 in 

6.591 ft 

Equivalent tank wall thickness, t w 

0.1646 in 

Pressurant inlet temperature, T q 

250°R 

Tank pressure, p 

25.0 psia 

Total outflow time, © t = 3.5 min 

0.0583 hr 

Ambient heat flux, q 

0 

q 

Expelled liquid volume, AV 

383.3 ft 

Properties 

Molecular weight of pressurant 

2.018 lb/lb mole 

Specific heat of pressurant at p & T q , c p ° 

2.96 Btu/lb -°R 

ID 

Saturation temperature of liquid at p°, 

39.86 °R 

2 

Tank wall (2219 Al. Al.) density, p w 

0.102 lb /in 
m 

J 

Specific heat of wall at T q , c ° 

*w 

0.140 Btu/lb -°R 
m 

Calculations 

Film Temperature, (T^ + T g )/2 

144.93 ’R 

Temperature difference, T q - T 

210. 14’R 

2 

Heat transfer coefficient, He 

7.48 Btu/hr/ft ° 
2 

Pressurant density at p fe T q , o ^ 

0.0198 lb /ft 
m 


Substituting into Equations (2), (3), (4), and (5) gives 


pp c . "* , .i 


"t " 

H 

_ (.102) (1728) (.140) (.1646) 39.86 m 

LWT^j 

T 

- °L 

(.0198) (2.96) (79.090) 250 


13071 
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s 



L: _ ( 7,48) (.0583) 30.86 

T o “ (0.0)08) (2.96) (6.591) 250 


( f C p>G DT o 


w p ° ■ ^7° AV = (.0198) (383.3) - 7.589 


T 

o 


T 

8 


250 
39. 86 


5.272 


Substituting into Equation (1) 

= -j(5.272) -£l - exp £-.330 (.1397lV 28 ^ 

^1 - exp [-4.26 (.180l)* 857 ^ + lj 

=■ (5.272) (.17288) (.62483) f 1 


= 1.5695 


Then 


* a <Z^o> 


P W 


(7.589) (1.5695) =■ 11.911 lb H n 

m 2 


. 18010 
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In Figure 7, predicted pressurant requirements are shown as a function of 
outflow time for both helium and hydrogen pressurants at tank pressures of 
25.0 and 50.0 psia. 

3 . 3 Interfacial Phenomena 


Interfacial transfer of heat and mass is intimately associated with both 
pressurization and stratification phenomena Knowledge of interfacial 
phenomena is very incomplete due to the coupled nature of the simultan- 
eous transport processes in the liquid and gas phase at the liquid-vapor 
interface. 

Past experience leads to three generalizations CsD : (1) the interfacial 

temperature is essentially that of equilibrium (saturation) conditions 
corresponding to system pressure; (2) during pressurized discharge, both 
condensation r nd evaporation of the cryogenic propellants at the inter- 
face are pos< ^ole, but usually are not significant factors: and 
(3) during self-pressurization of liquid containers, interfacial evap- 
oration occurs and the system pressure is governed by the vapor-pressure 
characteristics of the phases at the interfacial temperature. 

Mass transfer by condensation or evaporation at a vapor-liquid interface 
depends on the relative rates of heat transfer from each phase at the 
interface. When heat transfer from the vapor to the liquid dominates, 
evaporation will occur at the interface; when the opposite is true, 
the vapor will condense; if the respective heat transfer rates are the 
same, neither evaporation nor condensation occurs and the interface 
remains stationary. These circumstances will exist generally. For 
physical systems having convective action in both phases adjacent to 
the interface, there is no known formulation for predicting the inter- 
facial transport of heat and mass. 

Epstein, Georgius, and Anderson Cel in their mathematical model of a 
pressurized propellant tank that is the basis of a computer simulation 
program fl o] make the following assumptions concerning the interfacial 
phenomena . 

(1) Evaporation or condensation may occur at the gas-liquid interface. 
Which of these takes place and at what rate depends upon the heat 
transfer rates in the gas and in the liquid near the interface. Evap- 
oration which is due to heat flux from the tank wall to the liquid is 
neglected, and bulk boiling of the liquid is assumed absent. 

(2) At the gas-liquid interface the vapor is assumed to be in thermo- 
dynamic equilibrium with the liquid. Hence, the temperature of the 
interface is the boiling point at the local partial pressure of the 
vapor, which must be below the critical pressure. 

The resulting studies involving the use of the pressurization computer 
program indicated that the heat transfer from the pressurant to 

the container walls is of prime importance. Only in systems involving 
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high pressurant inlet temperatures and small tank size should gas-to- 
liquid heat and mass transfer have an appreciable effect during a fast 
transfer process. 

Gluck and Kline used a gas-phase enventory method to determine the 
quantity of interfacial mass transfer from experimental evidence. The 
effect of mass transfer on gas requirements was found to be negligibly 
small for the conditions studied; i.e., a quiescent gas-liquid inter- 
face and low heat leak from the ambient. 

The consensus in the literature is that the gas-to-liquid heat and mass 
transfer will be small if: 

(1) the incoming gas does not impinge upon the liquid surface, 

(2) the pressurant gas has a low inlet temperature, or 

(3) the system embodies a relatively large tank. 

Considering the 7-day duty cycle, Figure 6, no time effects will be 
introduced providing the system is depressurized after flov; has occurred. 
The 180-day profile, having not been defined, was assumed to be 180-day 
storage, then flow, and therefore, will not introduce interfacial 
problems. The proposed design of the HTTA has all of the above character- 
istics. Therefore, it is assumed that the heat and mass transfer at the 
gas-liquid interface will not introduce interfacial problems. 
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4.0 


SYSTEM DESIGN FOR HTTA 


4.1 Pressurization Hardware Description 

The hardware required for control of the pressurization syatera was incorp- 
orated into a valve module assembly. Several preliminary designs of the 
valve module were considered. Designs investigated were att.2£j" iet i, detach- 
able and floor mounted systems. The advantages and disadvantages of a 
detachable vs. attached module are shown in Table /I. 

The detachable module was selected because of the increase in valve per- 
formance, fewer components, and ease of transportation and handling. A 
small increase in pressure drop and additional coupling costs were minor 
disadvantages. The floor mounted system was eliminated because of 
increased cost, longer feed lines, and the resulting higher pressure 
drop. 

Components and line sizes for each type of system are shown in Figures 8 
and 9. All valve module components were selected with consideration 
being given to dependability, reuseabil ity, maintainability, and thermal 
performance. The valve module was designed such that critical parts, 
i.e., valve seats, can be replaced without removal of the component from 
the lines. 

The valve module is supported from the HTTA girth rings. Exterior 
coupling interfaces are symmetrical about the HTTA horizontal centerline 
to facilitate connection of service lines when testing the tank in the 
inverted position. The feed/fill, vent flow and vapor cooled shield 
lines exit through the tank's outer shell perpendicular to the tank 
surface. The ullage pressure relief system is protected by relief 
valves and rupture discs on the outlet side of the pressurant valve. 
Pressurant flow is console-controlled by a direct acting dome-loaded 
regulator in series with a solenoid shutoff valve. All materials in 
contact with fluids are compatible with GHe, and GH . LH transfer 

lines are stainless steel tubing with weld ends on all components. 

Valve module electrical accessories are designed for safe operation in 
a hydrogen environment. Test facility (100 psi) gas supply is utilized 
to pressurize the cylinders which operate remote control feed/fill and 
vent flow valves. Bayonet coupling provide test facility interface for 
the feed/fill vacuum jacketed line. The balance of the interface con- 
nections are AN 37° type fittings 
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TABLE VI 

Detachable Module Evaluation 




DISADVANTAGES 

1. Extra set of bayonet fittings 

2. Slightly larger line loss 

3. Install module before test 

4. Need hoist for attachment 

5. Extra cleanliness precautions 

6. More expensive mounting brackets 

7. Separate vacuum pumpout ports 

8. Bayonet coupling mating 

ADVANTAGES 

1. Ease of transportation 

2. Valves operate in upright position 

3. Less components 

4. Cheaper components 

5. Easier handling for leakage and proof pressure tests 

6. Simultaneous fabrication 

7. Easier facility hook-up (more compatible for hard 
wiring and plumbing) 
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4 . 2 Pressure Props in Feed and Pressurant Lines 
4.2.1 Feed Lines 

For purpose of analysis, the feed lines were sized to facilitate the 
delivery of liquid hydrogen to the feed line outlet coupling 4 psi 
(+ 0 psi - 2 psi) above saturation pressure. The liquid hydrogen will be 
in equilibrium at 17 psia (see Section 3.1) prior to prepressurization 
and the flow test. Therefore, the saturation pressure was assumed to 

be 17 psia. The control pressure for transfer conditions was selected > 

as 25 psia allowing a 4 to 6 psia pressure drop through the feed line and 
valve. A schematic of the feed line analyzed is shown in Figure 10. 
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The resistance coefficients, friction coefficients, and equivalent lengths 
were taken from QQ . The pressure drop breakdown is as follows: 


TABLE VII 


Equivalent 


Resistance Item 

K 

L/D 

L (Ft) 


Entrance - Sharp Edge 

0. 5 

50 

10.18 


Sharp Bend - 90° 


60 

12.22 


Sudden Restriction 

0.3 

30 

6.11 

- 

Line 2.067" I.D. x 8.3" 



.69 


Bend 7.5" R x 30° 


4 

.81 

_ 

Bend 47.63 R x 65° 


40.8 

8.31 

■ - <4 

Bend 6.25" R x 90° 


12 

2.44 

- 

Tee - Flow Thru 


20 

4.07 


Valve - Gate Type - Open 


13 

2.65 

* 

Flow Meter 



to 

a 

o 



Line, 2.444" I.D. x 108" 

The total pressure drop through the feed line and valve was calculated 
to be 4.3 psi for the nominal transfer condition of 8 Ib/sec flow rate 
and a control pressure of 25 psia. Liquid will then be provided at a 
pressure of 20.7 psia at the fluid outlet coupling. 

4.2.2 Pressurant Line Losses 

The pressurant line losses (pressure drops) were calculated for the four 
pressurant mass flow rates as specified in Section 3.2. The maximum flow 
values (maximum slope of curves) were used for these pressure drop calcu- 
lations. These flow rates are shown in Table VIII. The pressurant system 
lines were sized to provide an acceptable pressure drop to facilitate 
operation during test. The line sizes and configurations used for the 
analysis were as shown in Figures 9 and 10. The worst pressure drop 
condition for the pressurant line was found to be transfer using the GHe 
pressurant at 50 psia. The calculated pressure drops are as follows: 

TABLE VIII 


Pressurant 

Pressure 

Flow Rate 

AP 

GHe 

50 psia 

0.223 lb/sec 

11.0 

GHe 

25 psia 

0.126 lb/sec 

8.0 

GH 2 

50 psia 

0.108 lb/sec 

5.1 

GH 2 

25 psia 

0.065 lb/sec 

3.8 
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4.3 


Control and Operation 


Uiv 1 


The HTTA will be designed to permit remote operation alter the test 
facility lines have been connected. All control valves and regulators will 
be controlled from a remotely located test console. The flow meter and 
pressure transducer outputs will be transmitted to the test console for 
amplification and readout using standard test equipment. Limit switch 
indications from the pneumatically operated valves will also be trans- 
mitted to the test console. 

4.3.1 Cool-Down and Fill Procedure 

The tank will be filled in either the upright or the inverted vertical 
positions. Both feed/fill and vent flow valves (pneumatically operated) 
will be opened while all other valves and regulators will be closed. 

Liquid hydrogen will then flow into the tank through the feed/fill line 
and the hydrogen gas and residual purge gases will be vented through the 
upper transfer line. The cool-down operation will continue until all 
lines and the pressure vessel are cooled down and temperature stabilized. 
The pressure vessel will then be filled. 

The remotely operated pneumatically controlled flow valves will be 
operated from the test control console. These console controls will 
regulate electrical power to the solenoid pilot valves that actuate the 
pneumatic operators. Limit switches on these pneumatic operators will 
provide feedback of the valve position (open or closed) to the test 
console. 


4.3.2 Purging Operation 

The pressure vessel may be purged, prior to and after filling as required 
by utilizing the pressurant system. The purge gas will be introduced into 
the tank through the pressurant line with the solenoid valve and regulator 
open. The purge pressure can be controlled by the dome loaded regulator 
in the pressurant system. The residual gases in the tank may be vented 
through the lower transfer line with the valve open. 

4.3.3 Flow Test Opera t ion 

The flow test will be performed by flowing through the feed/fill 

line while pressurizing through the vent /pressurant line. The pressurant 
system connects to the vent/pressuran* line, upstream of the remote 
pneumatically operated valve which will remain in the closed position. 

All other valves will be in the closed position. The tank pressure will 
be maintained by the dome loaded regulator which will be controlled by a 
hand loading regulator at the test control console. Tank pressure and 
flow rate data will be fed back by transducers and recorded at the test 
control location. 

4.4 Safety and Relief Operation 

4.4.1 Pressure Vessel Relief System 
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T he pressure vessel is protected from overpressurization by a parallel 
mounted relief valve and rupture disc located wdh no valve between the 
vessel and vent port. The relief valve will be set at 56 psia and the 
rupture disc designed to burst at 61 psia. These settings were determined 
from the analysis which allowed a 5 percent tolerance on the relief 
pressure and a 2 percent tolerance on the rupture pressure. 

The relief system lines were sized for a maximum pressure drop of 3 psi 
during the worst condition requiring relief flow (Case 2). The two 
following cases were considered for analysis of the relief system require-* 
ments. 


CASE 1 


The HTTA loses vacuum in the annulus due to a leak in the vacuum jacket 
with the pressure vessel being full of LH . Ambient air flowed into the 
annulus at a rate sufficient to maintain the annulus at near atmospheric 
pressure. Liquid air will condense on the pressure vessel surface. The 
calculated boiloff rate at this condition will be approximately 27 pounds 
per hour of gaseous hydrogen. 


CASE 2 


The HTTA loses vacuum in the annulus due to leak in the pressure vessel 
while the pressure vessel was full oi LH . resulting in continuous 
hydrogen vapor flow into the annulus. The vacuum jacket pressure relief 
disc will relieve at approximately 20 psia. Hydrogen vapor continues 
flowing into the annulus, maintaining 20 psia in the annulus. The 
hydrogen vapor temperature was assumed to be at an average between liquid 
hydrogen temperature and maximum ambient temperature (140' , F). The 
resulting boiloff rate for this case was approximately 240 pounds per 
hour. 

The relief system was arranged to provide a low pressure drop between 
the pressure vessel outlet and the relief valve at the maximum relief flow 
conditions. The maximum pressure in * lie pressure vessel would be 
56.2 psia since the relief valve would relieve at 53.5 psia * 5%. The 
rupture disc would bu^st between the pressures of 57.6 and 66.0 psia at 
140°F. 


4.4.2 Vacuum Jacket Relief Syste m 

The vacuum Jacket will also be provided with a pressure relief device lor 
the condition discussed in Case 2 above. The reliel device will be 
designed to relieve below the maximum pressure considered in the struc- 
tural design of the vacuum jacket or the collapsing pressure of the 
pressure vessel , whichever is smallest. The relief device will have a 
tolerance of two percent or less. The vacuum jacketed lines and modules 
will have separate relief devices if tie line vacuum jackets do not 
communicate with the vacuum annulus of the tank. 
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5.0 


CONCLUSIONS 


5.1 Pressurant Selection 


Hydrogen gas will be used as the pressurant for HTTA because evidence 
exists to indicate that a recirculation-type pressurization system will 
be the final selection on the space shuttle and similarity in this 
respect is preserved. The recirculation-type pressurization system 
appears to be more desirable than the stored gas system. A stored gas 
system would weigh more and require a larger volume than the 
recirculation-type pressurization system. 

However, a stored gas system, utilizing hydrogen, has been selected 
for HTTA because it will: (1) require less hardware and hardware 

development than a recirculation-type pressurization system; (2) the 
results will still be directly be applicable to a recirculation-type 
system. 

The system is designed to also accommodate the use of helium gas as 
the pressurant when supplied by a stored gas system. The gas require- 
ments are shown in Figure 7 of Section 3.2 for bo^h hydrogen and 
helium pressurants at entrance pressures of 25.0 and 50.0 psia and 250°R. 

The pressurization gas mass transfer analysis determined that the mass 
of helium gas required will be larger than the mass oi hydrogen gas 
required for pressurization. Analysis also shows that a greater pres- 
surant mass (helium or hydrogen) will be required for pressurization at 
a system pressure of 50 psia than for a system pressure of 25 psia. 

5.2 Design Selection 

The detachable valve module concept is recommended for the pressuri- 
zation and flow control components because it provides for less compon- 
ents, higher operational dependability, and easier transportation. 

A dome loaded pressure regulator will be used for pressure control during 
the high flow test. A blowdown system without a regulator was considered 
but without a regulator a substantial inlet gas pressure decrease would 
occur unless the stored gas supply was large in comparison to the 
pressurization gas required. 
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